Introduction
============

Dentin hypersensitivity (DH) is a relatively common complaint affecting more than 43% of adult's population worldwide. [@JR_1] According to the Canadian advisory board on DH, [@JR_2] DH is characterized by distinctive short, sharp pain arising from exposed dentinal tubules, particularly in response to external stimuli that are typically thermal, evaporative, tactile, electrical, osmotic, or chemical changes that cannot be ascribed to any other form of dental defects or pathology. Concerning to oral care providers, DH negatively affects the quality of life for dental patients, as they become noncompliant with specific at home-care recommendations such as toothbrushing, thereby contributing to other oral care diseases. [@JR_3]

Of interest, to effectively control and manage DH, several theories have been proposed in the last decades to explain the mechanism of DH. Currently, the hydrodynamic theory proposed by Brannstrom is widely regarded as the accepted theory. [@JR_4] Hence, approaches to control the hydrodynamic mechanism have resulted in the development of two class of products, namely (1) occluding products or agents that reduce fluid flow within the dentin tubules and (2) agents or products that interfere with the transmission of nerve impulses. [@JR_3] [@JR_5] As the first-line therapy in the treatment of DH, Yang et al [@JR_6] advised using an occluding agent to physically block exposed dentin tubules.

Furthermore, occluding agents such as potassium oxalate, [@JR_7] sodium fluoride, [@JR_8] strontium salt, [@JR_1] amorphous calcium phosphate containing casein phosphopeptide, [@JR_9] and calcium glycerophosphate [@JR_10] have been widely utilized in desensitizing paste for their dentin tubule occluding capabilities. However, the tubules occluded by some of these materials are reported to be superficial with limited infiltration depth. [@JR_11] Consequently, patients experience relapse of pain as the occluded tubules are readily re-exposed in an acidic condition. [@JR_12] Bearing these in mind, the development of a desirable biomaterial for DH becomes highly critical not only to efficiently occlude the exposed dentin tubules but also remain effective in an acidic environment.

Significantly, eggshells (EBs) have been investigated in recent years for their remineralization capabilities. [@JR_13] For instance, Haghgoo et al [@JR_14] reported that EB has a rich bioavailable calcium content that could favor the remineralizing of carious lesions. Cutler [@BR_15] suggested that nano-sized titanium dioxide (TiO ~2~ ) and dental abrasive agents can be used together in occluding open dentinal tubules to effectively reduce DH. Another study [@JR_16] demonstrated that nano-sized TiO ~2~ can improve the acid-resistant properties of calcium carbonates. Given the desirable properties of TiO ~2~ and the remineralization potentials of EB, a new EB-TiO ~2~ composite will be highly important for treating DH. Therefore, however, there is limited evidence in the use of EB-TiO ~2~ for occluding dentin tubules. The present study aimed to evaluate the remineralization characteristics of EB-TiO ~2~ .

Materials and Methods
=====================

Preparation of Eggshell--Titanium Dioxide Composite
---------------------------------------------------

Modification of EB with TiO ~2~ was achieved in two steps. In the first step, EBs were ball-milled by placing 30 g of the EB in a 500-mL stainless jar (inner diameter of 100 mm), together with 10 stainless steel balls of 10-mm diameter and dry-milled in a planetary ball mill (Retsch PM 100) at 400 rpm for 20 minutes. The collected powder was sieved to a particle size of ≤25 µm using a mechanical sieving shaker (Retsch AS 200, Germany). The EB powder and TiO ~2~ mixing ratio were optimized following the procedure reported by giving author name [@JR_17] ; 20 g of the fine EB powder obtained in Step 1 was modified by adding 5 g of anatase TiO ~2~ (≤15 µm). The mixture was subsequently ball-milled for 100 minutes to obtain EB-TiO ~2~ composite.

Characterization of Eggshell--Titanium Dioxide
----------------------------------------------

### Fourier-Transform Infrared Spectroscopy Analysis

The infrared spectra were measured using a Perkin-Elmer Universal Attenuated Total Reflectance spectrometer to identify the functional group constituents of EB-TiO ~2~ .

### X-Ray Diffraction Analysis

The X-ray diffraction (XRD) analysis was performed to observe the possible changes in crystallinity between the EB powder, TiO ~2~ , and EB-TiO ~2~ . The XRD patterns were recorded using a diffractometer (PANalytical-Empyrean instrument; Co radiation: 1.54056 A°) and analyzed between 0 and 90° (2 theta). The voltage, current, and pass time used were 40 Kv, 40 mA, and 1 second, respectively.

### Energy-Dispersive X-Ray Spectroscopy and Scanning Electron Microscope Analysis

Energy-dispersive X-ray (EDX) spectroscopy was used in conjunction with a scanning electron microscope (SEM) (Field Emission, Carl Zeiss, Germany) operating at controlled atmospheric conditions at 20 kV to examine the surface morphology and the elemental composition of the EB-TiO ~2~ . Before SEM observation, the surface was coated with a thin, electric conductive gold film to prevent the buildup of electrostatic charge.

### Transmission Electron Microscopic Analysis

A transmission electron microscope (TEM) was used to observe the particle size, shape, and distribution of TiO ~2~ -EB. Very small quantities of EB-TiO ~2~ were dispersed in 10-mL ethanol and sonicated at 10 Kv for 10 minutes. Subsequently, thin cross-sections of cryomicrotomed specimens were prepared using a Leica microtome (South Africa) and placed on carbon copper grids. The analysis was conducted using a TEM, Philips CM 120 model at 120 kV.

### Preparation of Dentin Tooth Specimens

Forty freshly extracted bovine enamel anterior teeth were obtained from a slaughterhouse, South Africa. The collected teeth were subsequently cleaned and disinfected in 10% chloroxylenol solution. Dentin specimens measuring 5 × 5 × 1 mm were prepared by sectioning perpendicular to the long axis of the teeth below the enamel--dentinal junction using a low-speed diamond saw under water-cooling conditions. Thereafter, the prepared dentin specimens were wetly grounded with silicon carbide polishing papers (600--1000 grits) for 60 seconds. Before simulating the sensitive model, the specimens were mounted in a resin (Advanced Materials Technology Composite, South Africa). The dentin tubules were opened by soaking the specimens in 4% wt citric acid solution for 2 minutes to simulate sensitive tooth. Each dentin block was randomly assigned to five groups, namely Group 1: untreated, Group 2: EB alone, Group 3: EB-TiO ~2~ treated, and Group 4: Colgate Sensitive and Sensodyne treated ( *n* = 8) that were then subjected to remineralization protocol.

### Evaluating In Situ the Remineralization and Acid-Resistant Characteristics of Eggshell--Titanium Dioxide

In evaluating the remineralization potential of EB-TiO ~2~ , the prepared dentin tooth specimens were agitated in a beaker containing 1 g of the synthesized EB-TiO ~2~ and 40-mL deionized water for 3 hours. The specimens were subsequently rinsed and blot-dried. The treated specimens were further exposed to 4% wt citric acid solution for 2 minutes. After exposure, the specimens were rinsed with deionized water and blot-dried.

### Energy-Dispersive X-Ray Spectroscopy and Scanning Electron Microscope Analysis

EDX spectroscopy was used in conjunction with SEM (Field Emission, Carl Zeiss, Germany) operating at controlled atmospheric conditions at 20 kV to examine the surface morphology and the elemental composition of the occluded dentin pre- and posttreatment and postacidic exposure. Before SEM observation, the surface was coated with a thin, electric conductive gold film to prevent the buildup of electrostatic charge.

Results
=======

Characterization
----------------

The Fourier-transform infrared (FTIR) spectra of EB powder, TiO ~2~ , and EB-TiO ~2~ is presented in [Fig. 1](#FI46218-1){ref-type="fig"} . The band aspect of the FTIR spectra shows the difference between the EB powder ( [Fig. 1A](#FI46218-1){ref-type="fig"} ), TiO ~2~ ( [Fig. 2B](#FI46218-2){ref-type="fig"} ), and EB-TiO ~2~ ( [Fig. 2C](#FI46218-2){ref-type="fig"} ). Although both EB powder ( [Fig. 1A](#FI46218-1){ref-type="fig"} ) and EB-TiO ~2~ ( [Fig. 1c](#FI46218-1){ref-type="fig"} ) exhibit absorption peaks of carbonates at 1411/cm, the broad stretching displayed for EB-TiO ~2~ above below 1000/cm suggest the surface medication of calcium carbonate structure in EB powder with TiO ~2~ . [@JR_18]

![Fourier-transform infrared spectra are showing ( **A** ) eggshellpowder. ( **B** ) Titanium dioxide. ( **C** ) Eggshell--titanium dioxide.](10-1055-s-0039-1695662_462_01){#FI46218-1}

![X-ray diffraction pattern of ( **A** ) eggshell powder. ( **B** ) Titanium dioxide. ( **C** ) Eggshell--titanium dioxide.](10-1055-s-0039-1695662_462_02){#FI46218-2}

The XRD pattern of EB powder, TiO ~2~ , and EB-TiO ~2~ is presented in [Fig. 2](#FI46218-2){ref-type="fig"} . For [Fig. 3A,](#FI46218-3){ref-type="fig"} the characteristic peak marked around 34.5° (2 θ) indicates the presence of thermodynamically stable calcite crystalline of the carbonate constituent in EB powder. [@JR_18] In [Fig. 3B,](#FI46218-3){ref-type="fig"} the XRD pattern of pure TiO ~2~ shows a characteristic diffraction peak with values lying at 2 θ =29.5° that corresponds to anatase phase and is confirmed with the International Centre for Diffraction Data (ICDD Ref: 98--009--6946). The EB-TiO ~2~ diffraction peak shown in [Fig. 3C](#FI46218-3){ref-type="fig"} revealed the presence of calcite and anatase crystalline structure. More importantly, and supporting the FTIR spectroscopy results, the XRD pattern of EB-TiO ~2~ exhibits a single-phase formation of the carbonate structure. This may likely be due to the balling time used. It is reported in the literature that calcium carbonate undergoes phase transformation on milling above 250 minutes. [@JR_19]

![Scanning electron microscope micrograph for ( **A** ) Eggshell--titanium dioxide. ( **B** ) Energy-dispersive X-ray mapping.](10-1055-s-0039-1695662_462_03){#FI46218-3}

The SEM images of the modified EB-TiO ~2~ and the elemental mapping are illustrated in [Fig. 3](#FI46218-3){ref-type="fig"} . As presented in [Fig. 3A,](#FI46218-3){ref-type="fig"} the SEM images show that approximately irregular and spherical particles coexisted. The irregular-shaped particles are indicative of EB powder, whereas the spherical particles typified the TiO ~2~ particles. It can be observed that the pure TiO ~2~ particles were scattered on the surface of the composite ( [Fig. 3A](#FI46218-3){ref-type="fig"} ). More so, it can be seen that TiO ~2~ sufficiently coated the EB powder particles and formed a compact layer of TiO ~2~ firm. The said surface coating of TiO ~2~ on the EB powder is further confirmed by the EDX mapping ( [Fig. 3B](#FI46218-3){ref-type="fig"} ).

The EDX spectrum for the EB-TiO ~2~ is shown in [Fig. 4](#FI46218-4){ref-type="fig"} . The high level of calcium, oxygen, and carbon could be attributed to the calcium carbonate constituent of EB powder. In addition, titanium is evidently present that confirm the surface modification of EB powder. This result correlates with the FTIR analysis in [Fig. 1](#FI46218-1){ref-type="fig"} .

![Energy--dispersive X-ray spectrum of eggshell--titanium dioxide](10-1055-s-0039-1695662_462_04){#FI46218-4}

The TEM image of EB-TiO ~2~ is shown in [Fig. 5](#FI46218-5){ref-type="fig"} . Evidently, the TEM image revealed a nonhomogeneous structure of spherical-shaped particles and irregular particles with different sizes of distribution. Further to this, nanoparticles and some submicron particles were observed in the TEM images. The presence of submicron particles may be attributed to the commutation time used in achieving the modification of the composite.

![Transmission electron microscope images eggshell--titanium dioxide.](10-1055-s-0039-1695662_462_05){#FI46218-5}

Remineralization
----------------

The SEM micrograph of dentin tooth after abrading with silicon carbide for 60 seconds and subsequently exposed to 4% wt citric acid for 2 minutes is given in [Fig. 6](#FI46218-6){ref-type="fig"} . The dentin tubules were hardly exposed after abrasion with silicon carbide for 60 seconds ( [Fig. 6A](#FI46218-6){ref-type="fig"} ). In contrast, after exposure to 4% wt citric acid for 2 minutes, the dentin tubules were evident with increased diameter ( [Fig. 6B](#FI46218-6){ref-type="fig"} ).

![Representative scanning electron microscope micrograph for ( **A** ) dentin surface wet ground with silicon carbide paper for 60 s. ( **B** ) Pretreatment of dentin surface exposed 4% wt citric acid solution for 2 min (×5000). Arrows showing narrow dentin tubules.](10-1055-s-0039-1695662_462_06){#FI46218-6}

The SEM images of the dentin specimens treated with EB powder, EB-TiO ~2~ , Colgate, and Sensodyne not discussed in abstract or results above are seen in [Fig. 7](#FI46218-7){ref-type="fig"} . The images reveal occlusion differences between the EB-TiO ~2~ -treated specimens with the other test groups (EB powder, Colgate, and Sensodyne). The dentin specimen treated with EB-TiO ~2~ showed that nearly all the tubules are closed or remineralized with a compact surface ( [Fig. 7B](#FI46218-7){ref-type="fig"} ). In contrast, and as shown in [Fig. 7A, and D](#FI46218-7){ref-type="fig"} , open tubules were visible on the dentin specimen treated with EB powder, Colgate, and Sensodyne, respectively.

![Representative scanning electron microscope micrograph for dentin surface treated with ( **A** ) eggshell powder. ( **B** ) Eggshell--titanium dioxide. ( **C** ) Colgate. ( **D** ) Sensodyne (agitated for 3 h, ×3000). Arrows showing exposed tubules.](10-1055-s-0039-1695662_462_07){#FI46218-7}

Added to the above, the SEM micrograph of dentin specimen's treatment EB-TiO ~2~ and postexposure to citric acid is given in [Fig. 8](#FI46218-8){ref-type="fig"} . [Figure 8A](#FI46218-8){ref-type="fig"} visibly confirmed the remineralization of the dentinal tubules. Equally important, particles of EB-TiO ~2~ deposits could be observed in the image at higher magnification, which suggests that the occluding or sealing of the tubules had depth and penetration. The EDX further confirmed Ti peaks for TiO ~2~ ( [Fig. 8A1](#FI46218-8){ref-type="fig"} 1). The SEM image in [Fig. 8B](#FI46218-8){ref-type="fig"} revealed that the occluding bond remains intact after exposure to acid showing strong resistant to demineralization. This is also confirmed by the EDX spectrum ( [Fig. 8B1](#FI46218-8){ref-type="fig"} ).

![Representative scanning electron microscope micrograph for ( **A** ) dentin surface after treatment with eggshell--titanium dioxide for 3 h. ( **B** ) Dentin surface postexposure to 4 wt% citric acid solution for 30 min (a, ×19000; b × 5000). (a1) Energy-dispersive X-ray spectrum of the dentin surface treated with eggshell--titanium dioxide; energy-dispersive X-ray. (b1) spectrum of the dentin surface postexposure to 4 wt% citric acid solution for 2 min. Arrows pointing to eggshell--titanium dioxide particles.](10-1055-s-0039-1695662_462_08){#FI46218-8}

Discussion
==========

The purpose of this study was to evaluate in situ the remineralization characteristics of a modified EB powder and TiO ~2~ composite (EB-TiO ~2~ ). The modification of EB-TiO ~2~ was achieved using a planetary ball-milling procedure. This technique is common mechanochemistry principle of producing fine powder in many different fields. [@JR_20] The characterization results confirm that EB-TiO ~2~ was successfully modified and the particle sizes obtained were in nano-dimension ( [Fig. 5](#FI46218-5){ref-type="fig"} ). This finding is consistent with Tsai et al [@JR_20] that planetary ball milling reduces particles to fine powder through the imposition of impact and frictional forces. More importantly, the presence of both carbonate structure and Ti-O-Ti stretching in the EB-TiO ~2~ composite confirmed that the ball milling did not negatively impact on the carbonate composition of the EB powder ( [Fig. 1](#FI46218-1){ref-type="fig"} ).

Although EB powder is predicted to be the future of tooth remineralization, [@JR_13] the SEM images of the treated specimens suggest that modification of EB powder and TiO ~2~ would be more effective in occluding dentin tubules ( [Fig. 7](#FI46218-7){ref-type="fig"} ). Significantly, the dentin specimens treated with EB-TiO ~2~ demonstrate outstanding seal as well as acid-resistant characteristics ( [Fig. 8](#FI46218-8){ref-type="fig"} ). This is in agreement with Cutler [@BR_15] suggestion that nano-sized TiO ~2~ and dental abrasive agents can be used together in occluding open dentinal tubules to effectively reduce DH. Moreover, the presence of TiO ~2~ coating on the surface of EB-TiO ~2~ may have contributed to the occlusion remaining effective in an acidic environment ( [Fig. 8B](#FI46218-8){ref-type="fig"} ). It can, therefore, be suggested that EB powder modified with TiO ~2~ could potentially block open dentinal tubules while remaining intact in an acidic condition. This is in agreement with the report of Tao et al [@JR_16] that TiO ~2~ can improve the acid-resistant properties of calcium carbonates.

While several previous studies [@JR_3] [@JR_11] [@JR_21] have reported on the remineralization and occluding potentials of Colgate and Sensodyne toothpastes, the findings from this study reveal that the occluding abilities of the tested toothpaste were inferior when compared with that observed for EB-TiO ~2~ ( [Fig. 7](#FI46218-7){ref-type="fig"} ). This could, however, be attributed to the brand of toothpaste tested. According to Schiff et al, [@JR_22] desensitizing toothpastes such as Sensodyne and Colgate toothpastes are originally designed to deliver potassium ions that act as nerve-depolarizing agents in the treatment of DH. However, a new brand of Colgate, particularly calcium carbonate--arginine combination, has shown promising results in occluding dentin tubules. [@JR_21] In light of the above findings, further studies are planned to examine both in vivo and clinical trial the effectiveness of EB-TiO ~2~ in the occlusion of open dentin tubules as well as its efficacy in reducing the threshold of pain associated with DH in comparison with other out of the counter toothpaste. These studies should help validate the suitability of EB-TIO ~2~ as a composite for the management of DH.

Conclusions
===========

In summary, both the XRD and FTIR results confirmed the successful modification of EB-TiO ~2~ . The high-resolution TEM revealed a nonhomogeneous powder with an average particle size distribution of 65 nm. Furthermore, the field electron scanning microscope (FESM) images suggest the EB-TiO ~2~ composite could effectively remineralize and occlude dentinal tubules. It was also demonstrated that the remineralization capabilities of the composite were intact postacidic exposure. Importantly, EB-TiO ~2~ could provide a cheaper and efficient therapy material in the management of DH management. This could go a long way in reducing the global burden of waste in the environment.
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